We have examined the triple points of Lennard-Jones methane confined in slit-shaped nanopores, i.e. nanopores with zero excess potential energy, using a molecular dynamics technique developed by us in a previous study. The critical condensates in the pores were cooled in a stepwise manner and the triple points determined for different pore sizes. We observed that the triple point temperature was inversely related to the pore size, identical to the Gibbs-Thomson equation. Whilst the Gibbs-Thomson equation requires adjustable parameters, our triple point model could predict the pressure and temperature without the need for such parameters. As a consequence, our model demonstrates a higher degree of generalization than the Gibbs-Thomson equation.
INTRODUCTION
Recent studies, including ours, on the freezing of liquids confined in nanopores have clarified that the freezing points of such confined fluids depend not only on the sizes of the pores but also on the potential energy of the pore walls. It has been demonstrated theoretically that this dependence of the freezing point on the pore size and the potential energy of the pore wall is responsible for "freezing point elevation" (Miyahara and Gubbins 1997) . The phenomenon of freezing point elevation has been reported in many experimental studies Kumacheva 1995, 1998; Kumacheva and Klein 1998; Miyahara et al. 2002; Sliwinska-Bartkowiak et al. 2001a,b; The Gibbs-Thomson equation, on the other hand, simply relates the freezing point depression to the reciprocal of the pore size, and has been effective in explaining many of the experimental results (Warnock et al. 1986 ) over the past 80 years.
Together with our co-workers, we have previously used a combination of condensation and solidification models (Miyahara et al. 2000; Yoshioka et al. 1997) to derive the phase diagram of liquids confined in strongly attractive pores, and have observed that the phase diagram includes a triple point (Kanda et al. 2004) . The triple point model indicates that the triple point is inversely related to the pore size only if the excess energy of the pore wall is "negligible" or if the potential energy of the pore wall is approximately the same as the potential energy exerted by a solid made up of the fluid molecules. We have thus examined the triple points of fluids confined in pores whose walls have negligible "excess" potential by using a molecular dynamics technique. In order to bridge the differences between the recent results and those of the Gibbs-Thomson equation, we now consider the case where the triple point of a simple fluid confined within nanopores obeys the Gibbs-Thomson equation. The main factor that influences this behaviour is the strength of the potential energy of the pore walls.
The triple points of Lennard-Jones methane confined in slit-shaped nanopores, i.e. in nanopores with zero excess potential, is considered in the present work. Both the intra-pore solid and the extra-pore vapour have been simulated using a unit cell previously developed by us. The "critical condensates" in the pores were cooled stepwise, and the freezing points were determined for various pore sizes. The triple points of Lennard-Jones methane were derived from the freezing points. As expected, it has been found that the triple point is inversely related to the pore size, thereby providing a possible explanation for the Gibbs-Thomson equation. Furthermore, our triple point model is capable of predicting the pressure and temperature without the need for any adjustable parameters, thereby demonstrating a higher degree of generalization than the Gibbs-Thomson equation.
OUTLINE OF THE TRIPLE POINT MODEL
As mentioned earlier, a model on solid-liquid co-existence under a saturated vapour pressure has previously been proposed by the authors (Miyahara et al. 2000) . Furthermore, a series of studies by the authors has proposed models on vapour-liquid co-existence in nanopores (Yoshioka et al. 1997) . A simultaneous solution of the two models allows the triple point to be compared with the simulation results (Kanda et al. 2004) .
In the condensation model, the attractive potential energy of the pore walls is included as a contribution to the condensation equilibrium, in addition to the Young-Laplace effect. For slitshaped nanopores, the basic equation of the condensation model is:
(1) where k is the Boltzmann constant, p is the vapour pressure (the subscript, s, denoting saturation), T is temperature (K), v L is the volume per molecule of the condensate -which can be approximated to that for a bulk liquid -ρ(x) is the local radius of curvature of the gas/condensate interface at position x in the pore space and is assumed to be a positive value, γ gᐉ is the surface tension of the liquid which is treated as a function of the curvature, the relationship given by the Gibbs-Tolman-Koenig-Buff equation (Kirkwood and Buff 1949, 1951; Koenig 1950; Melrose 1968; Tolman 1948 Tolman , 1949 ) is adopted for dependence, while ∆ψ(x) is the contribution of the attractive potential energy from the pore walls -which must be expressed as an "excess" amount as compared to the potential energy of a molecule in the case where the pore walls consist of the same molecules as those of the adsorbate. On the basis of equation (1), the local curvature can be calculated for every position x within the pore, its geometrical integration determining the "core" size of the condensate, which, in turn, provides the pore size when the thickness of the adsorbed film on the interior surface of the pore is added.
The rather significant dependence of the freezing point on the bulk-phase pressure below the saturated vapour pressure of the bulk phase is the most striking feature in this case. The surface of the pore liquid phase exhibits a strong curvature, while a strong Young-Laplace effect significantly depresses the inner pressure of the pore liquid phase. Thus, the observed freezing point depression below the saturated vapour pressure is considered to be a result of a significant
ρ change in the pressure on the pore liquid phase. Based on the above concept, the basic equation that is used to describe the freezing point depression is:
(2)
where ∆s and ∆v are the differences in the entropy and the molar volume, respectively, between the liquid and the solid phases, and T is the shifted freezing point relative to the freezing temperature T a at p = p s . A discussion on the relevance of the Gibbs-Thomson equation is presented here on the basis of the above models. Combining the two models, the basic equation of the triple point model for slitshaped nanopores is as follows (Kanda et al. 2004 ):
( 3) As shown in a previous study (Kanda et al. 2004) , where the pore walls comprise the solid phase of the adsorbate, i.e. ∆ψ = 0, the freezing point under equilibrium with saturated vapour, T a , reduces and becomes the triple point for the bulk phase, T t (Miyahara and Gubbins 1997) . Furthermore, the curvature ρ remains constant, i.e. equal to 2/H E . As a consequence, equation (1) reduces to:
(4)
The Gibbs-Thomson equation (Warnock et al. 1986) can be re-written as follows: (5) where H E is the effective pore width considering the dead spaces near the walls in which methane cannot penetrate due to a repulsive force, γ sᐉ is the solid/liquid interfacial tension, v s is the volume per molecule of the bulk solid and θ is the contact angle of the solid/liquid interface against the pore wall. Ultimately, equations (4) and (5) yield virtually the same result since the terms corresponding to the molar volume and the interfacial tension -which may appear differentproduce quite similar results in most cases due to the often-encountered relationships ∆v ≅ 0.1v s , γ sᐉ ≅ 0.1 -0.2γ gᐉ and cos θ ≅ 0.5-1.0 (Kanda et al. 2004 ).
EXAMINATION OF THE MD TECHNIQUE AND DISCUSSION
We have employed the MD technique with the boundaries of the vapour phase to obtain the variations in the bulk vapour pressure. This technique has been described in detail previously (Yoshioka et al. 1997) . As shown in Figure 1 , the centre of the cell is the pore space with the potential energy mentioned below. A connecting space with the slope of the potential energy exists between the bulk vapuor phase and the pore space; this space is termed the potential buffering field. The benefit of this simulation cell is reflected in the ready determination of the equilibrium vapour pressure. The pressure
can be calculated by assuming ideal gas behaviour by counting the number of particles per unit time occupying unit area at the bulk vapour phase. Methane fluid was modelled using a truncated and shifted LJ (12-6) potential: ε/k = 148.1 K and σ = 0.381 nm. The cut-off distance of the adsorbate was 5σ (Miyahara and Gubbins 1997) , which was large enough to represent the full LJ potential. We used the LJ (10-4-3) potential as the pore potential; the values of the number density ρ and ∆ were 1.74 × 10 28 m -3 and 0.354 nm, respectively. The values of ε/k and σ were equal in the case of the LJ methane. The other constants employed were as follows: the mass of methane, m, was 2.665 × 10 -26 kg, the effective pore width, H E , ranged from 4.5σ to 8.5σ, the pore length was 7H E and the length of the "potential buffering field" (Kanda et al. 2004) was 13.12σ (5 nm).
A simulation run for a given number of fluid particles was started with an initial configuration arranged in the form of a liquid-like phase. Initially, the temperature of the system was controlled by velocity scaling once every 100 steps for 1000 ps. Each run lasted at least 10 000 ps with a time increment of 5 fs; the duration of each run was such that the number of particles reaching the border plane was 500 or more. The final configuration, obtained at a higher temperature, was used for the initial configuration at a lower temperature. The pressure-temperature setting of the MD simulations are shown in Figure 2 It should be noted that our objective in this study is not to mimic the triple point depression in rigorously structured nanopores; rather, we wish to verify the proposed triple point model. On the one hand, we understand the importance of the rigorous structure of nanopores. We assume that atomic structured nanopores are employed for the simulations and that a rigorous triple point depression would be obtained. However, the effects of the excess energy of the pore wall and the surface roughness of the pore wall will be included in the results. Hence, only the effect of the excess energy of the pore should be unattainable. In addition, the surface roughness and the threedimensional shift of the pore walls should also influence the triple point depression; however, the discussions in this case are much more complex and will therefore be considered in future studies.
As reported earlier (Miyahara and Gubbins 1997) , the freezing branch was considered to be closer to the true transition point than the melting sequence. Hence, in the present study, we are mainly interested in the freezing points in the cooling sequence. For a pore width H E of 6.5σ, the in-plane pair correlation of the innermost layer in the range |y| < 5σ changes at temperatures between T = 97.1 K and 96.0 K as shown in Figure 3 , from which the structural phase transition is clearly observed. The pair correlation shows the liquid state at T = 97.1 K with similar features to those in bulk phase. When the temperature is reduced slightly, the function indicates solidification. This may be judged from the features of the curve: the first minimum goes down to zero, while the second and third peaks separate.
The local density ρ L (x) in the x-direction was calculated as:
where N(x) is the number of particles in the space confined by the range |y| < 5σ and x ± ∆x/2. The thickness ∆x was taken as 0.1σ. Figure 4 demonstrates that the local density profile in the x-direction also changes with the temperature when the density shows a step-like variation. Every layer completely separates from each other after the change to lower temperature, and the sharpness of the layers increases. In addition, the density ρ* of the adsorbate in the pore space, in particular, allows the phase transition to be clearly shown; the density profile during freezing is illustrated in Figure 5 . The densities show a gradual increase on cooling, with the slope versus the temperature being almost the same as that for the bulk fluid. With cooling, the overall density in a pore shows a discrete change against the temperature. On further cooling, it reaches a plateau value and thereafter exhibits little change against the temperature. The change in density is accompanied with a change in the pair correlation of the most inner layer. Figure 5 demonstrates that the density profile also changes with temperature giving a step-like variation in the in-plane pair correlation and the local density. Hence,
740
H. Kanda and M. Miyahara/Adsorption Science & Technology Vol. 27 No. 8 2009 the triple point was determined as being between 97.1 K and 96.0 K, for H E = 6.5σ; the quantity ρ* was determined for various values of H E . The freezing point of LJ methane can be determined from the discrete changes in the density of the adsorbate at the same temperature.
The results of MD simulations are presented in Figure 6 . The triple points of the pore fluid for different pore widths obtained through MD simulations (data points) have been superimposed on the bulk phase diagram (solid curves). The triple point depressions, T t -T, were 6.1, 5.0 and 3.9 K with an error of 0.5 K for H E = 4.5σ, 6.5σ and 8.5σ, respectively. Using the physical properties of the bulk LJ fluid, ∆v * = 0.123 (Kofke 1993; Agrawal and Kofke 1995) and γ * gᐉ = 1.041 (Kanda et al. 2004) , the triple points were calculated as the points of intersection of the curves obtained using the two above-mentioned models, as shown in Figure 6 . The three bold solid curves in this figure represent the condensation model [equation (1)], with the differences between them being due to the pore size assumed. The dashed curve represents the freezing model for the capillary condensate [equation (2)] and is independent of pore size. Note that the model predictions do not include any fitting parameters. The three points of intersection of the condensation model and the freezing model demonstrate the predictions of the triple point model.
These predictions indicate that the model could describe the behaviour of the triple point on the P-T diagram successfully. Moreover, we have compared the MD results with the Gibbs-Thomson equation by using the properties of LJ methane at the triple point: v * s = 1.040 (Kofke 1993; Agrawal and Kofke 1995) . It was possible to explain the MD results by the Gibbs-Thomson equation if it was assumed that θ = 0 o and γ * sᐉ = 0.118γ * gᐉ in Figure 7 . The Gibbs-Thomson equation is shown as a bold curve. These values are very realistic in the same manner as those of θ and γ * sᐉ (Kanda et al. 2004 ).
CONCLUSIONS
We observed the triple points of Lennard-Jones methane confined within slit-shaped nanopores, i.e. nanopores with zero excess potential energy, by using an MD technique that we developed in a previous study. The critical condensates in the pores were cooled in a stepwise manner and the triple points determined for various pore sizes. The triple point temperature was inversely related to the pore size, which is the same as in the Gibbs-Thomson equation. Moreover, our triple point model was capable of predicting the pressure and the temperature without the need for any adjustable parameters. The Gibbs-Thomson equation, on the other hand, requires adjustable parameters, viz. the solid/liquid interfacial tension and the contact angle of the solid/liquid interface against the pore wall. Our model demonstrates a higher degree of generalization than the Gibbs-Thomson equation. 
